Obesity increases the risk of developing life-threatening metabolic diseases including cardiovascular disease, fatty liver disease, diabetes, and cancer. Efforts to curb the global obesity epidemic and its impact have proven unsuccessful in part by a limited understanding of these chronic progressive diseases. It is clear that low-grade chronic inflammation, or metaflammation, underlies the pathogenesis of obesity-associated type 2 diabetes and atherosclerosis. However, the mechanisms that maintain chronicity and prevent inflammatory resolution are poorly understood. Here, we show that inhibitor of κB kinase epsilon (IKBKE) is a novel regulator that limits chronic inflammation during metabolic disease and atherosclerosis. The pathogenic relevance of IKBKE was indicated by the colocalization with macrophages in human and murine tissues and in atherosclerotic plaques. Genetic ablation of IKBKE resulted in enhanced and prolonged priming of the NLRP3 inflammasome in cultured macrophages, in hypertrophic adipose tissue, and in livers of hypercholesterolemic mice. This altered profile associated with enhanced acute phase response, deregulated cholesterol metabolism, and steatoheptatitis. Restoring IKBKE only in hematopoietic cells was sufficient to reverse elevated inflammasome priming and these metabolic features. In advanced atherosclerotic plaques, loss of IKBKE and hematopoietic cell restoration altered plaque composition. These studies reveal a new role for hematopoietic IKBKE: to limit inflammasome priming and metaflammation.
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IKBKE | inflammasome | metaflammation | metabolic disease | immunometabolism T he metabolic syndrome is defined by the coexistence of central obesity, deregulated carbohydrate, and lipid metabolism and/or hypertension. Collectively these features increase the risk of developing type 2 diabetes, nonalcoholic fatty liver diseases, and atherosclerosis. These metabolic diseases have additional features in common; they are chronic disorders characterized by a state of persistent inflammation and tissue remodeling. In particular, chronic low-grade inflammation or "metaflammation" is now established as an important causative factor driving metabolic disease. Much progress has been made in our understanding of how metabolic stress or overnutrition induces metaflammation. However, the molecules involved in maintaining chronicity of low-grade inflammation remain unclear.
As specialized mediators of host defense, macrophages express danger-sensing pattern recognition receptors (PRRs) that include transmembrane receptors of the Toll-like receptor/interleukin-1 receptor (TLR/IL-1R) superfamily and intracellular cytosolic receptors such as RIG-I-like receptors and nucleotide-binding oligomerization domain (NOD)-like receptors (1, 2) . Numerous TLR/IL-1Rs and their downstream mediators have been implicated in the pathogenesis of obesity-associated diabetes (3, 4), fatty liver disease (5, 6) , and atherosclerosis (7, 8) . In some cases, putative nonmicrobial, host-derived sterile ligands have also been identified. For example, TLR4 is a putative sensor for dietary saturated fatty acids (SFAs) (4, 9) and TLR2 together with CD36 recognize oxidized low-density lipoproteins (OxLDL) (10) . Recently, the NOD-like receptor NLRP3 has also been implicated in the pathogenesis of metabolic disease (11, 12) and atherosclerosis (13, 14) . NLRP3 senses intracellular defects such as oxidative stress, ER stress, impaired mitophagy, impaired autophagy, or lysosome dysfunction, and responds by assembling the NLRP3 inflammasome and activating caspase-1. Active caspase-1 promotes both the proteolytic maturation of proinflammatory interleukins (IL)-1β and IL-18, and inactivation of antiinflammatory IL-33. Caspase-1 activity is also linked to the release of alarmins (15, 16) and excessive activation to pyroptotic cell death (17) .
Stimulation of NLRP3-dependent inflammation is established as a "two-step" process. The first is a priming step that involves TLR/NFκB-mediated induction of NLRP3 and pro-IL-1β mRNA. The second step promotes NLRP3 inflammasome assembly and activity through additional stress-related signals. In Significance Chronic low-grade inflammation plays a causative role in obesity-associated metabolic diseases. However, the mechanisms underlying chronicity of low-grade inflammation remain elusive. Herein, we identify inhibitor of κB kinase epsilon (IKBKE) as a new modulator of chronic inflammation in macrophages. We first show that IKBKE is clinically relevant in distinct tissues associated with metabolic diseases including obesity, nonalcoholic steatohepatitis, and atherosclerosis. In all cases, IKBKE expression predominates in macrophages and associates with chronic inflammation. In macrophages, IKBKE affects chronicity of inflammation by temporally limiting inflammasome priming. Both global IKBKE ablation and reconstitution with hematopoietic IKBKE reciprocally alters metaflammation in adipose tissue, liver, and the composition of advanced atherosclerotic plaques. These findings establish a nonpathogenic role for hematopoietic IKBKE in limiting inflammasome priming and metaflammation.
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The authors declare no conflict of interest. *This Direct Submission article had a prearranged editor. contrast, the mechanism that maintains chronicity of inflammasome activity is not known. Here, we identify a new modulator of inflammasome priming and chronic inflammation: the inhibitor of κB kinase epsilon (IKBKE, IKKe, or IKKi). IKBKE is best characterized for its role in type 1 antiviral responses downstream of TLR4, TLR3/TRIF-dependent or MAVS-dependent signals (18) (19) (20) (21) . However, aberrant induction of IKBKE has also been linked to oncogenic signals (22) and in regulating energy balance in murine models of obesity (23, 24) . This latter role remains incompletely understood because contrasting effects on weight gain have also been reported (25) . Importantly, the clinical relevance of IKBKE induction has not been determined in human disease, nor has the role of hematopoietic IKBKE in metaflammation. Since IKBKE is predominantly expressed in immune cells, mediates TLR signals, and is a known NFκB target gene, we hypothesize that IKBKE is induced in parallel with inflammasome priming transcripts and as such is a good candidate to mediate inducible counterregulation of immune activity during chronic inflammation. As a regulator of inflammatory tone, IKBKE would be required to limit inflammation in a context and time-dependent manner. Herein, we report that IKBKE is required to temporally limit NLRP3 inflammasome priming in macrophages. Furthermore, we demonstrate that IKBKE expression associates with the pathogenesis of metabolic disease in humans where it colocalizes with proinflammatory macrophages, and that hematopoietic IKBKE is sufficient to limit metaflammation.
Results

IKBKE Associates with Clinical Pathology and Colocalizes with
Proinflammatory Tissue Macrophages. To explore the relevance of IKBKE in clinical pathology, we first examined its expression in three tissues commonly associated with metaflammation and dyslipidemia: adipose tissue, liver and vasculature. In human adipose tissue, IKBKE mRNA correlated positively with body mass index (Fig. 1A) and was induced in two murine models of obesity ( Fig. S1 A and B) . Adipose Ikbke also associated with increased macrophage and inflammatory markers ( Fig. S1 A and  B) . It was elevated in macrophage-enriched CD11 + fractions, and this induction preceded the increase in adipocytes from obese tissues (Fig. 1B) . Adipose Ikbke was also reduced by antiinflammatory thiazolidione treatment (Fig. S1C) . In obese subjects with nonalcoholic steatohepatitis (NASH), hepatic IKBKE was significantly induced and correlated positively with expression of the macrophage marker CD68 ( Fig. 1 C and D, Table 1, and Table S1 ). Furthermore, hepatic IKBKE expression correlated strongly with expression of multiple inflammatory genes and indicators of hepatic dysfunction (Table 1 ). In the vasculature, where chronic inflammation promotes atherosclerosis, IKBKE was readily detected in human atherosclerotic plaques and also in advanced plaques from proatherogenic, apolipoprotein E-deficient (Apoe −/− ) mice ( Fig. 1 E and F) . Double labeling indicated that IKBKE colocalized primarily with infiltrating macrophages and not with SMA + vascular smooth muscle cells ( Fig. 1 E and F) . These findings indicate that IKBKE is located in three pathologically relevant, anatomical locations where it is closely associated with macrophage infiltration and chronic inflammation.
IKBKE Is Induced in Proinflammatory Macrophages and Its Ablation
Prolongs NLRP3 Inflammasome Priming. To investigate the involvement of IKBKE in inflammatory macrophages, we performed temporal profiling of IKBKE expression in stimulated macrophages. Classic proinflammatory (M1/Th1) activators robustly induced Ikbke expression within 4 h (Fig. 1G ). Although this induction was transient, Ikbke levels remained significantly elevated for up to 24 h. This increase was observed in stimulated macrophages from both wild-type and proatherogenic Apoe −/− mice (Fig. S1 D-G) . Induction of Ikbke was a common response to stimulation by multiple proinflammatory ligands, including TNFα, IL-1β, IFN-γ, LPS, and peptidoglycan (PGN), albeit with differing magnitude and temporal kinetics (Fig. S1 D-G) . Conversely, Ikbke expression was inhibited by the antiinflammatory (M2a/Th2) cytokine IL-4 ( Fig. 1G and Fig. S1G ). IL-10, an activator of M2c macrophages, had no effect on Ikbke expression (Fig. 1G) . Induction of Mox macrophages and foam cells by oxidized lipids (OxPAPC) and lipoproteins (OxLDL) transiently reduced Ikbke expression (Fig. 1G ). These findings indicate that IKBKE is temporally regulated by proinflammatory mediators and may be a good candidate for cell autonomous regulation of chronic inflammation.
To investigate the requirement for IKBKE during an inflammatory response by proatherogenic macrophages, we first generated bone marrow differentiated macrophages (BMDMs) from Apoe −/− mice that also lacked IKBKE (dKO) together with wild-type IKBKE controls (Apoe −/− ). BMDMs from both genotypes appeared morphologically indistinguishable and expressed similar levels of Adipocytes (Ad) and macrophage-enriched CD11+ve stromavascular fractions (SVF) were isolated as described (33) . (C and D) Hepatic IKBKE and CD68 expression in obese subjects with NAFLD and/or NASH. Adjacent sections of a human carotid plaque (E) or aortic root plaque of an Apoe −/− mouse (F), coimmuno-stained for IKBKE (E and F; brown), and either SMA for smooth muscle cells (E and F, Upper; blue) or anti-CD68 (E and F, Lower; blue) or Mac3 (F, Upper; blue) for macrophages; L, lumen. (Scale bars: 200 μm.) (G) Expression of Ikbke in BMDMs after indicated treatments: LPS (100 ng/mL) + IFN-γ (100 ng/mL), TNFα (10 ng/mL) + IFN-γ (100 ng/mL), IL-4 (10 ng/mL), IL-10 (10 ng/mL), OxPAPC (50 μg/mL), and OxLDL (50 μg/mL). Statistical significance is indicated by *P < 0.05, **P < 0.01 compared with corresponding WT fractions (B), NASH patients (C and D) or 24-h control (G) and §P < 0.05, § §P < 0.01, § § §P < 0.001 compared with 4 h control (G).
macrophage differentiation markers (Fig. S2A ). IKBKE ablation did not alter the ability of macrophages to polarize into classical/ proinflammatory (M1) or alternative/antiinflammatory (M2) subtypes following chronic treatment with LPS+IFN-γ or IL-4, respectively (Fig. S2B) . However, M1-activated macrophages lacking IKBKE expressed significantly elevated levels of NLRP3 inflammasome-related transcripts. Specifically, the expression of Nlrp3 was higher in dKO macrophages following proinflammatory stimulation, and remained significantly greater for up to 24 h, when expression in Apoe −/− control cells was returning back down to unstimulated levels ( Fig. 2 A and B) . The expression of other NLR/PYD inflammasomes including Nlrp1 and Aim2 was not consistently greater in chronically stimulated dKO macrophages (Fig. S2C) , indicating an IKBKE-dependent selectivity toward NLRP3 inflammasome priming. IKBKE-dependent enhanced Nlrp3 expression was not limited to proatherogenic Apoe −/− macrophages because it was also observed in chronically activated Ikbke −/− BMDMs from C57BL/6 and mixed background mice (Fig. S2 D and E) . The expression and induction of IL1-related cytokines, Il1a, Il1b, and Il33, was more restricted to specific stimuli and time-dependent. Most notably, the induced expression of Il1b was dramatically greater in chronically stimulated dKO macrophages ( Fig. 2D and Fig. S2 D and E) . The expression of Il1a was less striking but greater in dKO macrophages at both 4 and 24 h (Fig. S3 A and B) , whereas Il33 was significantly greater only at 4 h after stimulation (Fig. S3 C and D) . Other NLRP3 inflammasome-associated transcripts, namely Il18, Pycard, and Casp1, did not show consistently elevated expression in dKO macrophages (Fig. S3 E-J) . Immunoblotting for both pro-IL-1β and mature IL-1β proteins in cell lysates confirmed that, in the absence of exogenous inflammasome activators, IKBKE ablation did not directly alter IL-1β processing but resulted in prolonged pro-IL-1β availability (Fig. 2E) . However, in the presence of additional NLRP3 activation (by ATP, nigericin, or high-dose LPS) chronically primed Ikbke −/− macrophages secreted greater amounts of IL-1β (Fig. 2F) . Collectively, these data indicate that IKBKE is required to limit both the magnitude and temporal dynamics of NLRP3 inflammasome priming in macrophages. Since the expression of endogenous IKBKE is itself dynamically induced by the same inflammatory stimuli in BMDMs, our data supports the notion that in wild-type macrophages, the sustained expression of endogenous IKBKE is required to counterregulate chronic NLRP3 inflammasome priming.
IKBKE Deficiency Enhances Inflammasome Priming in Adipose Tissue.
We next investigated the in vivo consequences of IKBKE ablation. Since IKBKE ablation may prevent the development of high fat dietinduced obesity and associated metaflammation, we investigated the impact of IKBKE ablation in Apoe −/− mice. This model is protected from diet-induced obesity but develops metaflammation in adipose tissue, liver steatosis, hypercholesterolemia, and readily develops atherosclerotic plaques (26, 27) . Moreover, macrophages from these mice can be primed for NLRP3 activity in vivo following feeding with a high-fat, high-cholesterol Western diet (28) . We reasoned that in this model, the absence of IKBKE would result in enhanced NLRP3 inflammasome priming and activity, which, in turn, would promote a greater inflammatory response and exacerbated metaflammation. To test this hypothesis, we fed Apoe −/− mice and dKO littermates a Western-type diet (WD) for 16 wk before killing and tissue collection. Expression profiling of adipose tissue revealed that multiple NLRP3 inflammasome-related genes, (i.e., Il1a, Il1b, Il33, Il18, P2rx7, Nlrp3, Pycard, and Casp1) were all elevated in WD-fed female dKO mice (Fig. 3A) . Furthermore, the IL-1β-responsive IL-1 receptor antagonist (Il1rn) was elevated in dKO mice, suggesting that inflammasome activity was enhanced. However, this observation coincided with an increased presence and expression of the macrophage markers Emr1, Itgam, and Itgax and the proinflammatory cytokine Tnfa (Fig. 3  B and C) . This proinflammatory profile was also associated with increased leptin production, adipocyte hypertrophy, white adipose tissue (WAT) mass, and generalized diet-induced adiposity (Fig. 3 B-E and Fig. S4 A-D) , suggesting that IKBKE may also be important in regulating energy balance and subsequent obesity-related metabolic deregulation. Indeed, food intake but not energy expenditure was significantly increased in female dKO mice (Fig. S5 A-C) . Despite increased adiposity, proadipogenic markers were unaltered (Fig.  S5D ) and dKO mice remained euglycemic, glucose-and insulintolerant (Table S2 and Fig. S5 E and F) . However, elevated insulin levels in dKO mice indicated mild systemic insulin resistance (Table S2 ). In contrast to female dKO mice, male dKO mice did not exhibit differential weight gain or adiposity following WD feeding, nor was there evidence of increased inflammatory cell Fig. 2 . Enhanced NLRP3 inflammasome priming in macrophages lacking IKBKE. Effect of IKBKE ablation on expression profiles of NLRP3 inflammasome-related genes in BMDMs following 4-h (A and C) or 24-h (B and D) treatment with LPS (100 ng/mL), IFN-γ (100 ng/mL), PGN (50 μg/mL), TNFα (10 ng/mL), IL-1β (10 ng/mL), IL-4 (10 ng/mL), or indicated combinations. (E) Western blot of IKBKE, IL-1β, and α-tubulin in BMDM whole-cell lysates collected at 24 h after treatment without NLRP3 activation. (F) IL-1β secretion was determined in conditioned media from BMDMs primed with LPS (100 ng/mL) and IFN-γ (100 ng/mL) for up to 24 h and treated with NLRP3 activators: ATP (5 mM for 1 h), Nigericin (10 μM for 1 h) or high-dose LPS (10 μg/mL for 16 h). Statistical significance is indicted by *P < 0.05, **P < 0.01, and ***P < 0.001 relative to corresponding Apoe −/− BMDMs. recruitment in adipose tissue (Fig. S6) . Nonetheless, the expression of NLRP3 mRNA was significantly elevated and Il1a, Il1b, and Il33 all showed trends toward increased expression (Fig. S6H ). ) BM was sufficient to reduce adipose tissue expression of NLRP3-related inflammasome genes (Fig. 3F) . However, proinflammatory cytokines and macrophage markers were also reduced (Fig. 3G ) and coincided with a reduction in all indicators of adiposity including, leptin production, adipocyte hypertrophy, WAT mass, and generalized adiposity (Fig. 3 G-J and Fig. S4 E-H) . Indicators of energy expenditure were not altered (Fig. S5 G and H) , and the expression of proadipogenic genes in WAT remained similar (Fig. S5I ). These mice also remained euglycemic and glucose-and insulin-tolerant (Table S2 and Fig. S5 J and K) . However, insulin levels were reduced by hematopoietic IKBKE reconstitution, suggesting protection from the development of mild insulin resistance (Table S2) . Hence, whereas mice transplanted with dKO bone marrow reproduced the diet-induced increase in body weight, adiposity, and adipose tissue inflammation, transplant with Ikbke +/+ marrow protected dKO mice from developing excessive dietinduced obesity and also reduced inflammasome priming and metaflammation in adipose tissue.
IKBKE Deficiency and Hematopoietic Restoration Alters Hepatic
Inflammasome Priming, APR, and Hypercholesterolemia. Since IKBKE is induced in chronically inflamed livers, and WD-fed Apoe −/− mice also develop hepatic steatosis, we next investigated the impact of IKBKE ablation on hepatic NLRP3 inflammasome expression in dKO mice. The expression of Il1a, Il1b, Il33, P2rx7, Nlrp3, Pycard, and Casp1 were all elevated in dKO livers (Fig.  4A) . This induction also coincided with increased levels of Il1rn (Fig. 4A) , proinflammatory (Th1/M1) genes, and macrophage markers in livers of dKO mice (Fig. 4B and Fig. S7A ). However, antiinflammatory (Th2/M2) expression profiles were similar in both genotypes (Fig. S7B) . These data suggest IKBKE ablation promotes priming and functional activation of hepatic NLRP3 inflammasomes and metaflammation.
In rodents, hepatic IL-1β production and inflammation promotes a class 1 acute phase response (APR) and impairs cholesterol clearance. Indeed, dKO livers expressed greater levels of class 1 APR transcripts (Fig. 4C ): serum amyloid A 1/2 (Saa1/2) and Chemokine C-X-C motif ligand 1 (Cxcl1). Hepatic expression of the inflammation-responsive, cholesterol-clearing enzyme Cyp7a1 was reduced (Fig. 4C) , and circulating levels of total cholesterol and HDLc were further elevated in dKO mice (Fig.  4D) . IKBKE ablation also promoted increased liver mass (Fig.  3D ) and histologically proven hepatic steatosis (Fig. S7A) . Similar findings were also observed in male mice (Fig. S8) . Taken together, these data demonstrate that IKBKE ablation in WDfed Apoe −/− mice enhanced hepatic expression of NLRP3 inflammasome-related genes, enhanced inflammation, enhanced APR, and decreased cholesterol clearance. These features are characteristic of increased hepatic metaflammation.
We next determined the effect of restoring hematopoietic IKBKE on hepatic inflammasome priming and hepatic metaflammation. In mice transplanted with Apoe −/− (Ikbke
) marrow, the expression of hepatic Il1b, Nlrp3, Pycard, and Casp1 were all significantly reduced (Fig. 4E) . However, this reduction did not coincide with a generalized improvement in inflammation or macrophage infiltration. Global M1/M2 inflammatory profiles and immune cell markers also remained similar (Fig. 4F and Fig. S7 C and D) . Nonetheless, hepatic expression of the class 1 APPs Saa1 and Cxcl1 was reduced (Fig. 4G) , suggesting that these APPs may be more sensitive to changes in IL-1β expression and reduced NLRP3 inflammasome activity. Furthermore, the repression of Cyp7a1 was prevented, and circulating cholesterol levels (TChol and HDLc) were reduced (Fig.  4 G and H) , indicating improved cholesterol clearance. Taken together, these data strongly suggest that in this hyperlipidemic model, hematopoietic IKBKE limits hepatic inflammasome priming, hepatic acute phase response, and cholesterol catabolism.
IKBKE Deficiency and Hematopoietic Restoration Alters Atherosclerotic
Lesion Composition. Our observations demonstrate that IKBKE ablation in Apoe −/− mice enhanced NLRP3 inflammasome priming, metaflammation, adiposity, hepatosteatosis, APR, and hypercholesterolemia, all of which are proatherogenic risk factors. Since IKBKE is also present in atherosclerotic plaques, we reasoned that IKBKE ablation might also promote atherosclerosis and that reconstitution with hematopoietic IKBKE might elicit beneficial effects. To test this hypothesis, we investigated the impact of both global IKBKE ablation and reconstitution with hematopoietic IKBKE on atherosclerotic plaque morphology and composition in the same mice. Following 16 wk of WD feeding, all female Apoe −/− mice had advanced lesions. However, IKBKE ablation did not impact on plaque size, macrophage area, or SMA + area, although necrotic core sizes were smaller in dKO mice (Table 2) . Following restoration of IKBKE in hematopoietic cells, plaque sizes and macrophage areas remained similar but plaque composition was markedly altered. Apoe −/− BM mice had lesions with significantly larger necrotic cores, an increased number of TUNEL-positive cells, and a reduced SMA + area (Table 2) . Collectively, these features may indicate changes in plaque stability and contrast with improvements in proatherogenic metabolic risk factors in these mice. Nonetheless, in advanced atherosclerotic lesions, hematopoietic IKBKE can influence local vascular remodeling.
Discussion
Great strides have been made in understanding how inflammation is induced in immune cells and its defining role in inflammatory diseases. In contrast, little is known about the cell-autonomous mechanisms that govern the tone and chronicity of metaflammation. In this study we show that IKBKE, a downstream mediator of TLR and cytokine signals, plays important dual roles in regulating the tone and temporal kinetics of inflammation. It does so through counterregulation of key stress-response genes involved in NLRP3 inflammasome priming. This conclusion is supported by three key findings: First, IKBKE is induced in parallel with genes that prime the NLRP3 inflammasome in PRR-stimulated macrophages. Second, the absence of IKBKE results in both enhanced and prolonged expression of Nlrp3, Il1a, and Il1b in stimulated proinflammatory macrophages. Third, in WD-fed Apoe −/− mice, in which multiple endogenous inflammasome activators are generated, IKBKE ablation results in enhanced expression of inflammasome-related genes and exacerbated metaflammation.
The pathological relevance of these findings is supported by the fact that IKBKE is aberrantly expressed in three distinct human tissues associated with metaflammation: i.e., in adipose tissue from obese subjects, in livers of obese subjects with NASH, and in atherosclerotic plaques where it also colocalized with macrophages. The specific role of hematopoietic IKBKE was confirmed in bone marrow transplant studies wherein wild-type IKBKE in hematopoietic cells alone was sufficient to rescue the exacerbated adiposity, metaflammation, hyperinsulinemia, APR, and hypercholesterolemia. Unexpectedly, IKBKE ablation and reconstitution with hematopoietic IKBKE does not alter the size of advanced atherosclerotic lesions, rather it influences atherosclerotic plaque composition.
Chronic inflammation in the vasculature is a hallmark of atherosclerotic plaques and is implicated in promoting plaque development (in early plaques) and instability (in clinically relevant advanced plaques). However, the requirement for NLRP3 inflammasome activity in atherosclerosis is hotly debated and contrasting findings have been reported (13, 29) . Recent studies have also revealed additional complexities, suggesting IL-1R signaling is beneficial and promotes plaque stability in advanced atherosclerosis (30) . Our studies show that IKBKE ablation in Apoe −/− female mice further enhances proatherogenic metabolic profiles and has minor effects on plaque composition. Although hematopoietic IKBKE rescues the systemic metabolic features, these improvements do not translate into an advantageous plaque composition. This finding reinforces the notion that tissue localized hematopoietic signals can override systemic metabolic cues and highlights a potential to uncouple the pathological association between metabolic features and atherosclerosis.
The observation that IKBKE ablation can promote obesity in female mice contrasts with previous studies, which were all performed in male mice (23) (24) (25) . Although our study is not Fig. 4 . Effects of global IKBKE deficiency and hematopoietic restoration on hepatic inflammasomerelated gene expression and metaflammation. Experimental conditions were as described for Fig. 3 . Hepatic transcript expression was determined for NLRP3 inflammasome-related genes (A and E ), proinflammatory and macrophage marker genes (B and F), and acute phase response genes (C and G). (D and H) Plasma HDL cholesterol and total cholesterol levels. All data are means ± SE (n = 5-9 per group). Statistical significance is indicted by * or § P < 0.05, ** or § § P < 0.01 and *** or § § § P < 0.001 relative to Apoe −/− mice (*) or dKO BM > dKO mice ( §). Statistical significance is indicated (*P < 0.05; † P < 0.01; ‡ P < 0.001) relative to study-specific control mice.
directly comparable (owing to model-specific differences in genotypes, sex, diet, and housing), we also performed parallel studies in male littermates. Here, we reproduced a lack of effect of IKBKE ablation on diet-induced adiposity in Apoe −/− mice. This finding suggests that the functions of IKBKE in energy balance are influenced by sex and warrants further investigation. Whether sex dimorphism also plays a role in metabolic stress and inflammasome activation remains to be formally addressed. However, in the present study, the impact of IKBKE ablation on NLRP3 inflammasome priming occurs in both genders.
In conclusion, this study demonstrates that IKBKE is relevant to clinical pathologies that are associated with metaflammation. It is induced by inflammatory signals in tissue macrophages where it functions as a brake to limit the chronicity of NLRP3 inflammasome priming and subsequent inflammatory response. Whereas global IKBKE deficiency in a disease model results in enhanced and prolonged inflammasome priming and metaflammation, restoring hematopoietic IKBKE is sufficient to rescue these features. These findings provide new molecular insights into how innate immunity may be self-regulated during low-grade chronic inflammation. Moreover, the possibility that hematopoietic IKBKE may play a nonpathogenic role in metaflammation is an important consideration for therapeutic strategies aimed at treating metabolic diseases such as NAFLD, obesity-related diabetes, and atherosclerosis.
Materials and Methods
Human Studies. Adipose tissue (scWAT) biopsies were collected during bariatric surgery from female patients with a range of body mass indices (BMI) as reported (31) . The institutional review board at Indiana University approved all protocols and patient consent was given. For liver biopsies, morbidly obese patients undergoing bariatric surgery gave their informed written consent to participate in this study in accordance with French legislation regarding ethics and human research (Huriet-Serusclat law). The "Comité Consultatif de Protection des Personnes dans la Recherche Biomédicale de Nice" approved the study (07/04:2003, N°03.017). See SI Materials and Methods for additional details and Table S1 for characteristics of the study groups.
Murine Studies. High fat diet fed C57BL/6 and ob/ob mice were generated and treated as described (32) . Apoe −/− (Apoe tm1Unc × N10 onto C57BL/6 background) mice were from Jackson Laboratories. Ikbke −/− (Ikbke tm1Aki ) mice were generated as reported (20) . The UK Home Office and University of Cambridge approved all animal procedures. See SI Materials and Methods for additional experimental details.
BMDM Studies. Bone marrow cells (BMCs) were collected from tibia of 11-to 13-wk-old female mice and treated in vitro as described in SI Materials and Methods. Western blotting details are also described in SI Materials and Methods.
Targeted Gene Expression Profiling by Quantitative RT-PCR. Total RNA was isolated by using STAT60 for tissues samples, and RNAeasy kits (Qiagen) for BMDMs, according to the manufacturers' instructions. Total RNA (500 ng) was reverse-transcribed by using standard protocols. See SI Materials and Methods for further details.
Statistical Analysis. Statistical analysis used two-tailed unpaired Student's t tests with P < 0.05 considered significant, with § or * for P < 0.05, § § or ** for P < 0.01, and § § § or *** for P < 0.001. Clinical correlations were analyzed by using the Spearman's rank correlation test.
